The information on long-term durability of the carbon fiber reinforced polymer (CFRP)-12 concrete bond interfaces in various environmental conditions is necessary to predict the 13 service life of the structures. The assessment of the bond interfaces under moisture conditions 14 were evaluated by shear and tension bond tests using 6 popular commercial CFRP and epoxy 15 resin systems in the world for the maximum immersion period of 18 months. The bond tests 16 were also accompanied by the test in the mechanical properties of the resins and concrete. 17 Two of systems showed 25% and 16% reductions in average shear bond strengths, while the 18 remaining systems showed either improvement or a small reduction. Observation of the 19 failure modes suggested that, the durability against water related deterioration are worst when 20 the adhesion bonds between concrete and resin interface are weaker than the cohesive bonds 21 of the adjacent layers. Similarly, the average tensile bond strength reduction was found to 22 vary from 19% to 41% indicating that the durability of the bond is highly dependent on the 23 CFRP composite systems. 24 42 the results and the degree of its effect. Some of the relevant literatures related to the long-43 term investigation on durability of FRP-concrete bond under moisture are summarized 44 hereafter. 45 3 Karbhari and Ghosh (2009) conducted an experimental study to determine the effects of 46 environmental exposure on durability of bond strength between different commercially 47 62 climate for 14 years. The authors evaluated the adhesive bond properties using the pull-off 63 and peel test methods. The pull-off strengths were slightly decreased but the residual values 64 still indicated quite good adhesion properties. In all the cases, failures occurred in the 65 concrete substrate, therefore, the authors pointed out that the reductions observed may not be 66 necessarily related to the degradation of the resin bond properties. In contrast, the results of 67 the peel test showed distinct differences in the failure modes after immersion. Benzarti, et al. 68 (2011) chose 4 different composite systems to perform durability test of adhesive bond 69 between concrete and CFRP under accelerated condition (40˚C and 95% relative humidity) 70
INTRODUCTION
The strengthening of concrete structural members with fiber reinforced polymer (FRP) is 26 very common and popular recently due to its various advantages over other materials and 27 methods. In spite of wide applicability, the durability information of such materials and the 28 systems under long-term exposure in severe environments are quite limited. In this regard, 29 the environmental deterioration factor currently being proposed by some of the guidelines 30 (ACI-440.2R-08, 2008, CNR- DT-200, 2004) does not extensively cover deteriorations in 31 various environmental conditions under long-term due to insufficient research in the field. 32 Realizing the importance of durability issues in the FRP composites, ACI committee has been 33 developing a guide to accelerated conditioning protocols for durability assessment of internal 34 and external FRP reinforcements for concrete (ACI-440. 9R-15, 2015) . 35 During the service life of the structures, some of the common severe environments which can 36 affect the durability of the FRP bonded concrete structures are moisture, high temperature, 37 freeze-thaw cycles, wet-dry cycles, UV radiation, etc. and their synergies. In order to study 38 the above mentioned durability related issues for the FRP bonded concrete structures, 39 researchers around the world have been using accelerated laboratory ageing method with 40 wide variety of testing methods, materials and exposure durations. Due to lack of guidelines 41 to perform such tests and diversity in availability of materials used, there is no uniformity in available FRP strengthening systems and concrete using direct pull-off test. When 10 48 different FRP systems were exposed for 2 years, the maximum deterioration was noted for 49 the case of exposure to a sub-zero environment compared to immersion in salt water and 50 deionized water. The authors also suggested that the deterioration of the bond between FRP with the controlled laboratory atmosphere for the comparison. The specimens were preloaded 86 with 3 kN and 5 kN for the period of 150 days before the test. The results indicated that the 87 specimens exposed to the sun and saline environments experienced an increase in the bond 88 strength. The reason for such increase in performance was explained by increase in greater 89 polymer crosslinking of adhesive due to exposure in elevated temperature. All of the above 90 review on the literatures point out that the exposure to moisture condition could be harmful to 91 the FRP-concrete bond interfaces resulting in some reductions in bond strength along with 92 the transition of failure modes, however, the degrees of such effects are vastly dependent on 93 several factors but most importantly the selection of FRP materials along with the epoxy 94 resins. Table 1 . 140 Preparation of the specimens 141 The dog-bone shaped resin specimens for the uniaxial tensile test were prepared following 142 JIS.K.7113 (1995) . The specimens were prepared using all the 8 kinds of epoxy resin which 143 include 2 types of primer. The base and hardener was mixed in a recommended proportion 7 and transferred into a vacuum chamber to remove the small air bubbles. The vacuumed resin 145 was then poured into the mold and tapped several times to remove any trapped air from 146 within the specimens. The specimens were cured in an ambient room temperature ( Fig. 1) for 147 more than one month before being subjected to any kind of exposures. Table 2 . 163 Exposure and testing conditions 164 The specimens were either kept at an ambient condition inside the laboratory until the test 165 which is referred as 0 month (non-immersion case) or completely submerged in water tank 166 maintained at a constant temperature of 20 °C for the maximum period of 18 months. The 167 reason behind selecting only a single temperature range was mainly based on results of the 168 elevated temperature test. When the six systems were tested at 20 °C, 40 °C and 50 °C, none 169 of the cases showed any form of reductions in the bond strength (Shrestha, 2015) . In addition, 170 to investigate the sole effect of moisture conditions, it was necessary to eliminate the changes 171 in the properties of the materials and the bonds due to temperature. Therefore, by selecting 172 the room temperature well below the glass transition temperature of the resins, it eliminates 173 any possibility of altering the property due to temperature. As for the testing, a set of 174 specimens was taken out from the water in every 3 months interval and quickly taken into the To address the moisture effect on the CFRP-concrete bond properties, it is crucial to know 206 the effect on the constituent material properties. In this regard, it is necessary to understand 207 the moisture transportation, absorption characteristics and its influence in the mechanical 208 behavior of the epoxy resins. Therefore, water absorption was monitored in the epoxy 209 samples at different interval of time using gravimetric method. The exponential rising curve 210 showed good fitting to represent the relationship between water absorption and the exposure 211 duration in months as shown in Fig. 7 . The regression coefficient in all the cases were greater 212 than 0.98. The diffusion rate of water and the absorption capacities were found to be varied 213 greatly based on the resin type. However, even after 18 months of water immersion, none of 214 the resin specimens showed fully saturated condition. The maximum water absorbed by the 215 resins were in the range of 0.71% to 2.65% after 18 months of immersion in water. Five of 216 the cases (TR-A, TR-B, TP-B, TR-C, TR-D) showed similar water absorption behavior. On 217 the other hand, the resin specimens, TP-A, TR-E and TR-F, showed relatively lower water 218 diffusion rate and the water absorption. TR-E and TR-F contain higher filler materials (silica, 219 calcium carbonate etc.) which could have also contributed towards lowering the free volume 220 inside the resin resulting in the lower absorption. Tu and Kruger (1996) reported similar 221 absorption nature by the higher filled adhesive. 222 Previous researchers have reported that the water absorption by the epoxy resin in the range 223 between 1 to 7% by weight based on their formulations (Soles, et al., 1998) . There are several 224 existing theories on the factors contributing to the moisture absorption. Struik (1977) 225 proposed that the quantity of water absorbed is dependent on the amount of free volume 226 which depends on the molecular packing and is affected by the crosslinking density and the 227 physical aging. In contrast, Li, et al. (2009) proposed that the free volume is not a decisive 228 factor but the polarity of the resin system plays a key role. Soles, et al. (1998) argued that the 229 polarity is the significant factor in determining the ultimate moisture uptake, however, the 230 free volume fraction also influences the moisture uptake. The above discussion may explain 231 the possible reasons of large variation in the moisture absorption capacities shown by the 232 different resin specimens. 233 In Fig. 8 , the relationship between average tensile strength and water absorption shows two 234 distinct trends. Except in two of the cases (TR-B and TR-C), the increase in the moisture 235 absorption resulted in reduction of the tensile strength. However, depending on the resin type, 236 the degree of such effect varied. The highest reduction in tensile strength occurred in the resin 237 TR-F with an average reduction of around 38% after exposure, but, the ultimate water 238 absorption was only 0.71%. Whereas, those with the water absorption of over 2% showed 239 reduction in between 11% to 22%. In two of the cases, TR-B and TR-C, there was no effect despite the water absorption of around 2%. Therefore, all the above results indicate that the 241 durability of the resins are highly dependent on the materials and the amount of water 242 absorption alone cannot be used as an indicator to judge or predict the effects caused by itself. Based on the observation of the failure surfaces after the shear test, the failure modes can be 259 categorized into 3 groups. Cohesion failure at the concrete layer (C) (Fig. 13a ), mixed failure 260 (M) ( Fig. 13b) and finally, the interface failure between concrete and resin layer (I) (Fig. 13c ). Table 3 . 281 Analysis of the failure modes indicate that among four different wet-layup systems, the cases 282 with primer layer (SB-A and SB-B) showed relatively better adhesion bond with the concrete. 283 In both the cases, the greater percentage of failures occurred in concrete layer near the 284 interface before and after the exposure. In addition to this, reduction in the shear bond 285 strength after the exposure was comparatively lower than other wet-layup systems without 286 the primer layer. The results indicate that the primer could be a beneficial layer in case of 287 durability against moisture related effects. However, comparing the separate systems may not be fair enough, as difference in material properties could affect the result. In future, it may be 289 necessary to conduct some further similar exposure tests without applying the primer layer to 290 make a direct comparison within the system in order to clarify the role of primer in case of 291 moisture related durability issues. But, in a separate study (Shrestha, et al., 2014) Figure 14 shows the variation of the average shear bond strength with the exposure duration. 299 Initially, in the first 3 months of exposure, the moisture seems to show significant reduction 300 in the bond strength after which it was retained in most of the cases in extended exposure 301 duration. From the figure, it is also evident that the bond strength increased significantly in 302 case of SB-F system after 3 months of immersion till the 9 months and then remained almost 303 constant till the 18 months. As for SB-E system, the bond strength remained fairly unchanged 304 until 9 months followed by a small increment in 12 months and then remained almost 305 constant until the 18 months. For rest of the cases, it is rather difficult to see the clear trend 306 from the figure due to overlapping of data points. Therefore, Fig. 15 shows the shows the 307 relationship between average bond strength at each exposure duration normalized by the 308 average bond strength for non-immersion case. The average value was calculate based on the 309 results 3 specimens tested for each exposure condition. Based on the changes in the average 310 bond strength with the exposure duration, results could be categorized into 3 groups. The 311 systems such as SB-A, SB-B and SB-E with less than 5% reduction in the average bond 312 strength between non-immersion and immersion is grouped in the first category. As for the duration of immersion period, there is no strong correlation between the change in the bond 314 strength and the exposure duration. The failure modes for these sets remained either as 315 concrete cohesion or the mixed mode after such exposure. 316 The second group includes SB-F type specimen, the CFRP plate bonded to the concrete, 317 which shows significant gain in bond strength after exposure. Compared to the non-318 immersion case, the average bond strength increment of 34% was found after immersion case 319 implying some positive effects of water on the bond properties. This increment in the bond 320 strength was mainly started after 3 months of exposure duration. This is in contrary to some strength was attributed to the enhancement of the polymer strength due to increase in 332 temperature during the exposure. In contrast, the temperature in the current study was always 333 close to 20 °C from initial curing of specimens to the exposure condition and then the testing 334 temperature, so such post-curing effect is highly unlikely to be the reason for increase in bond 335 strength. Further, the specimens were cured for more than a month before exposing them into 336 water, which was considered as a sufficient period for proper curing of the resins. There are 337 some other possibilities as well which could justify such improvement in the shear bond strength after exposure. The first one could be due to increment in the concrete strength due 339 to better curing conditions provided by curing under water but, the results obtained from the 340 concrete compression test, as presented in Fig. 16, clearly showed failure at the interface between concrete and resin layer. Despite the similar degree of 361 surface preparation, the failures at the interface even before the exposure imply weaker 362 adhesion between them. At the interface between concrete and resin, mechanical and chemical bond are two key mechanisms which govern the bond action (Shrestha, et al., 2014) . 364 The reduction in bond strengths after the exposure indicates that either one or both of the 365 mechanisms are affected by the presence of water. Water at the interface can reduce the 366 mechanical interlocking action or destroys the chemical bonds between resin-concrete at the 367 interface. These two factors may have contributed towards the reduction of the bond strength. 368 The degradation of such mechanical interlocking capacity at the epoxy-concrete interface due The effect of wet and dry testing conditions were also examined on the shear bond strength 386 after 18 months of immersion in water as shown in Fig. 17 . About less than 5% recovery of 387 average bond strength was found in specimens SB-C and SB-F, whereas the recovery was over 10% in case of specimens SB-A and SB-B but no such effect was observed in SB-D 389 case. The results of specimen SB-E was not included due to some problems associated with 390 the specimen during preparation process. In conclusion, even though slight recovery of bond 391 strength was noticed in some cases after drying, it could not restore back to the original state 392 indicating that the deteriorations due to water causes irreversible effect on the bond properties.
393
Moisture effect on the tensile bond strength 394 The pull-off test method is a simple method to evaluate the quality of tensile bond in the field. failure mode before and after exposure is shown in Fig. 19 . Similar kind of observation was 412 also reported by Nishizaki and Kato (2011) , in which the authors suggested that such reductions without the transition of failure modes maybe due to change in behavior of 414 concrete properties rather than the degradation of the bond properties. However, no 415 information on the durability of the concrete properties were provided. Nonetheless, in the 416 current study, the concrete compression behavior was not affected by the exposure duration 417 (Fig. 16) , so based on that, it can be assumed that the tensile behavior may not have affected Except the tensile strength, Young's modulus, Poisson's ratio and the Glass transition temperature of the resins, all other information are provided by the manufacturers 
